L-694,492 (DUP 532), an angiotensin II (AII) receptor antagonist, was given orally at 125 mg/kg/day to rats and monkeys for up to 6 mo to assess the effects of the compound on juxtaglomerular (JG) cells. In rats, mild JG cell hypertrophy/hyperplasia occurred and was associated with a 12-fold increase in the bromodeoxyuridine-labeling index of JG cells and a 10-fold increase in renal renin content. Ultrastructurally, intermediate cells with characteristics of both smooth muscle cells and granulated renin-producing cells as well as hypertrophied renin-synthesizing cells were seen in the afferent arterioles. In monkeys, marked hypertrophy and hyperplasia were seen with an 80% increase in JG cell numbers, mitotic activity, and a greatly increased renin content compared to controls. Three mo after drug withdrawal, an increased number of cells remained, which showed features of smooth muscle cells with essentially no renin. These results show that AII receptor antagonism stimulates increased renal renin production by hypertrophy of existing granulated cells, metaplasia of smooth muscle cells to renin-synthesizing cells, and cell proliferation. When treatment was discontinued, the renin-producing cells redeveloped the features of smooth muscle cells, but, as we have shown with enalapril (angiotensin-converting enzyme inhibitor), the increase in their number persists for at least 3 mo.
INTRODUCTION
Juxtaglomerular (JG) cell hypertrophy and hyperplasia have been described in laboratory animals with angiotensin-converting enzyme (ACE) inhibitors (5, 6, 11, 19) and more recently in rhesus monkeys with angiotensin II (AII) receptor antagonists (13) . JG cell hypertrophy and hyperplasia are considered to be an expected and exaggerated pharmacologic response to these drugs, which act on the renin-angiotensin-aldosterone system (RAAS) to lower systemic blood pressure. The mechanisms by which JG cell hypertrophy/hyperplasia is induced differ with these two classes of drugs. ACE inhibitors decrease All-negative feedback on renin release by decreasing plasma All (9, 12) , whereas All receptor antagonists block JG cell All receptors involved in negative feedback on renin release. These effects on renin production are probably mediated by the ATI as opposed to the ATII All receptor (7, 8) .
This paper describes JG cell hypertrophy/hyperplasia induced by L-694,492 (DUP 532), an All ATI receptor antagonist, given orally to rats and monkeys for up to 6 mo with a 3-mo recovery period.
MATERIALS AND METHODS

Experimental Design
Rats. Sixty male and 60 female Sprague-Dawley Crl CD (SD) BR rats from Charles River France, approximately 5 wk old and 110-180 g in weight, were assigned randomly to 2 experimental groups of equal size. The All receptor antagonist L-694,492 .&dquo; --~---~_......._-------(DUP 532) was administered daily as a suspension in 0.5% methylcellulose at a dosing volume of 5 ml/ kg by oral gavage for 26 wk at doses of 0 (vehicle control) or 125 mg/kg/day. The study was conducted in accordance with guidelines for animal welfare (3) . Twenty rats per sex per group were necropsied in drug week 26 after receiving 176 doses. The remaining 10 rats per sex per group were necropsied after a 13-wk recovery period. To study cell replication, 1 wk before each necropsy Alzet 2ML 1 (Alza Corporation) osmotic minipumps were filled with a 50 mg/ml bromodeoxyuridine (BrdU) (Sigma) carbonate buffered solution to continuously deliver 10 mcl/hr for 7 days. Minipumps were inserted under anesthesia into a subcutaneous pocket made between the shoulders in 10 rats per group (5 males and 5 females). At necropsies in weeks 26 and 39, kidneys of, respectively, 6 and 3 rats per sex per group were perfused via the abdominal aorta with a 1 % paraformaldehyde + 1 % glutaraldehyde 0.1 nt cacodylate buffered solution; from each rat, 1 kidney was processed for histopathology and the other for electron microscopic examination.
Monkeys. Sixteen male and 16 female rhesus monkeys (Macaca mulatta) from Charles River (USA), approximately 24 mo old, were assigned randomly to 2 experimental groups of equal size and administered L-694,492 (DUP 532) orally for 23 wk at doses of 0 (control vehicle) or 125 mg/kg/day as a suspension in 0.5% methylcellulose at a dosing volume of 5 ml/kg. The study was conducted in accordance with guidelines for animal welfare (3) .
Six monkeys per sex per group were necropsied in drug week 23 after receiving 156 doses. The remaining 2 monkeys per sex per group were necropsied in week 37 after a 14-wk recovery period. After the 23-wk period of treatment and the 14-wk recovery period, the kidneys of 2 and 1 monkeys, respectively, per sex per group were perfused via the abdominal aorta using a peristaltic pump (Autoclude Ve 500). Physiologic saline was perfused for 2 min at 100 mmHg followed by 15 min ofperfusion with the same fixative solution used for rats.
Histopathology
Sections of kidneys from all rats and monkeys were routinely embedded in paraffin and cut at 5 ,um thick for light microscopic examination. Hematoxylin and eosin-stained sections were prepared for histopathological examination.
BrdU Labeling
The number of JG cells that underwent DNA synthesis during the 7 days prior to necropsy was evaluated in rats after incorporation of BrdU and immunohistochemical visualization. Five males and 5 females per group were used at the end of the treatment and after the recovery period. Sections of formol-fixed, paraffin-embedded kidneys were immunostained for BrdU using a mouse anti-BrdU antibody (Beckton Dickinson, dilution 1/40) and the avidin-biotin-peroxidase system (Vectastain ABC Kit PK 4002, Vector). Labeled sections were examined under light microscopy at magnification x 250 and the number of positive cells in the last approximate 80 Am of afferent arterioles in welloriented JG apparatuses were recorded using a Tally counter (Clay Adams).
Renin Immunocytochemistry
Formol-fixed, paraffin-embedded sections of 1 kidney from rats and monkeys were cut perpendicular to the renal cortex, and immunostaining was done using a polyclonal rabbit anti-rat renin antibody or a polyclonal rabbit anti-human renin antibody that cross-reacts with monkey renin (obtained from Dr. T. Inagami, Vanderbilt University, Nashville, TN). Briefly, sections were deparaffinized, and endogenous peroxidase was neutralized with a 1 % hydrogen peroxide solution. Sections were covered with normal goat serum to prevent nonspecific binding and incubated 30 min at room temperature with the first antibody (diluted 1/1,000) and then with a second biotinylated goat anti-rabbit IgG antibody. Labeled sites were visualized using avidin-biotin-horseradish peroxidase complex (Vectastain ABC Kit, Vector Burlingame, CA) exposed to 0. I % diaminobenzidine tetrahydrochloride (Sigma) in Tris solution containing 0.01% hydrogen peroxide. Sections were conterstained with Gill's hematoxylin and mounted in Eukitt (Polylabo Block).
For quantitative analysis of the kidney cortical renin content, immunostained sections of 1 kidney from 10 rats (5 males and 5 females) and 4 monkeys (2 males and 2 females) were examined at magnification x 250 with a Zeiss axioplan microscope and analyzed using a Leica Quantimet 570 automatic analyzer (Cambridge Instruments) at 560 nm (filter peroxidase Schott) at the end of the treatment and recovery periods. The percentage of volume density (Vv%) of renin was calculated according to the Delesse's principle (17) from the peroxidase immunostained areas determined by planimetric analysis. About 30 areas of renal cortex per kidney were randomly assessed for automatic measurements.
Electron Microscopy
In the cortex of perfused kidneys in rats and monkeys, 1 mm3 cubes were cut, washed in 0.2 M cacody- late buffer overnight at + 4°C, postfixed in a 1% osmium tetroxide solution, and embedded in Epon 812 (Polysciences) after alcoholic dehydration.
Semithin sections were stained with 1 % Toluidine blue solution; ultrathin sections were contrasted with uranyl acetate and lead citrate and examined at 80 kV with a 1200 Ex electron microscope (JEOL, Tokyo).
Statistics
Variance analysis and Student's t-test were used for analyzing data. L-Group mean JG cell hypertrophy/hyperplasia grade and BrdU-labeling index (%) of afferent arterioles with renal cortical renin content (Vv%) in rats receiving L-694,492 (DUP 532) at 125 mg/kg/day for 26 wk with a 13-wk recovery period.° Group mean grade = sum of grades (0 = not remarkable, 1 = very slight, 2 = slight, 3 = moderate, 4 = marked, 5 = severe) divided by 40 animals (20 M + 20 F) in drug week 26 and 20 animals (10 M + 10 F) in week 39. b % Incidence. c Group mean BrdU-labeling index done on last 80-Am section proximal to glomerulus of 20 well-oriented afferent arterioles from 10 animals per group (5 M + 5 F) at each necropsy.
d Renin detected using polyclonal rabbit anti-rat renin antibody. Percentage of surface of renin in renal cortex quantitated using a Quantimet 570 analyzer (Cambridge Instruments) and expressed as volume density (Vv%).
* p < 0.05. ** p > 0.05.
RESULTS
Rat Necropsy after 26 Weeks of Treatment with L-694,492 (D UP 532) at 125 mglkglday (Table I) In the rat, JG cell hypertrophy/hyperplasia was confined to the last part of the afferent arteriole (approximately 80 Am) near the glomerulus. In comparison to controls (Fig. la) , the change was characterized by an increase in the number of large JG cells with increased amounts of granular or vacuolated cytoplasm (Fig. 1 b) . In drug week 26, all treat-ed rats had either very slight (Grade 1: 10% of JG apparatuses affected) or slight (Grade 2: 10-25% of JG apparatuses affected) JG cell hypertrophy/hyperplasia. No mitoses were seen.
BrdU-labeling during the week prior to necropsy showed essentially no labeling of the afferent arterioles in controls [mean labeling index (LI) 0.1 %], whereas a 12-fold increase in LI (mean LI 1.2%) was seen in the thickened afferent arteriole of treated rats. BrdU-labeling was only seen in the portion of the afferent arteriole where JG cell hypertrophy/hy- perplasia was observed. The presence of 2 adjacent labeled nuclei (Fig. 2 ) was considered to be evidence of both DNA synthesis and mitosis.
Immunocytochemical examination of renal renin content showed a 10-fold increase in the renal cortical renin content (Vv%) of treated animals (Table  I) . Renin was present sparingly in the afferent arterioles of controls adjacent to the glomerulus. The increased renal renin content in treated rats was due to 2 principal factors: first, an increase in the number of renin-positive cells in afferent arterioles in the JG region where BrdU-labeling occurred, and second, and more importantly, the presence of renin in the proximal portions of the afferent arteriole, and sometimes in the interlobular arteries. Renin was more widespread than in controls and not only present in JG apparatuses with hyperplasia and hypertrophy, but also in parts of the renal vasculature where BrdU-labeling was not seen. When proximal to the JG apparatus, renin-positive cells were always seen as an external sleeve surrounding renin-negative smooth muscle cells. Small amounts of renin were seen also occasionally in cells of efferent arterioles.
Ultrastructurally, in control animals, the afferent arterioles in the JG apparatuses were formed mainly of smooth muscle cells (Fig. 3 ). Occasionally, isolated granulated renin-producing cells were seen in the media of the afferent arteriole near the glomerulus. In treated animals, JG cell hypertrophy/hyperplasia was characterized by a slight increase in the number of granulated cells in distal and proximal portions of the afferent arteriole as well as in the internal media of interlobular arteries. These granulated cells were seen as an external layer outside a layer of smooth muscle cells (Fig. 4 ). The granulated cells had ultrastructural features of metabolically active cells with a decrease in the nuclear- cytoplasmic ratio and hypertrophy of organelles implicated in renin synthesis. Prominent Golgi systems were visible in the perinuclear region; in their vicinity were coated vesicles and vacuoles containing 1 or several small polygonal granules. Large protogranules with paracrystalline structures occurred in the cytoplasm together with round dense mature granules. The subendothelial smooth muscle cells often had distorted profiles but showed typical features of smooth muscle cells: microfilaments, attachment plaques, and pinocytotic vesicles. In afferent arterioles showing hypertrophic granulated cells, intermediate cells were observed in proximal parts of the afferent arterioles. These cells exhibited both features of renin-synthesizing cells [prominent Golgi systems, proto-land mature renin granules, developed rough endoplasmic reticulum (RER)] and contractile cells (peripheral bundles of filaments, attachment plaques, micropinocytotic vesicles) ( Fig.   5 ).
Thus, ultrastructurally, hypertrophy of granulated cells and metaplasia of smooth muscle cells to intermediate cells and mature granulated cells accounted for most of the increase in renal renin con-tent seen. There were no mitoses. However, smooth muscle cells always persisted adjacent to endothelial cells whether in hyperplastic afferent arterioles or in interlobular arteries.
Rat Necropsy after 13-Wk Recovery Period (Table I) Sixty-five percent of the rats had no histological evidence of JG cell hypertrophy/hyperplasia. In animals with persistent JG cell hyperplasia, the cells had lost their plump appearance and resembled smooth muscle cells; when hypertrophied cells were present, they were farther from the lumen at the periphery of affected afferent arterioles. Despite persistance of JG cell hyperplasia in some animals, the BrdU-labeling index was similar in both controls and treated animals (p > 0.05) ( Table I ). The renal cortical renin content (Vv%) of previously treated animals was similar to that of controls (p > 0.05). Renin was occasionally seen in cells at the periphery of the walls of afferent arterioles with persistent JG cell hypertrophy/hyperplasia. Ultrastructurally, hypertrophic granulated cells FIG. 6.-Male rat treated for 26 wk with L-694,492 (DUP 532) at 125 mg/kg/day followed by a 13-wk recovery period. The wall of afferent arteriole (AA) is slightly thicker than in control animal ( Fig. 3 ) and consists of cells showing features of smooth muscle cells (SM) with elongated shapes. GC = Goormaghtigh cell. x 4,000.
were not seen; slight thickening of the wall of the afferent arteriole in the JG (distal) portion was seen. This thickening was due to the presence of additional cells in the media, showing shapes and ultrastructural organization of smooth muscle cells (Fig.   6 ). Rare renin granules and few secondary lysosomes were occasionally observed in these cells. These changes concerned a limited number among JG apparatuses examined; other JG apparatuses showed a normal ultrastructural appearance. Thus, during the recovery period, the cells in the afferent arterioles of treated animals lost their renin-synthesizing capacity and redeveloped the characteristics of smooth muscle cells. Because a low level of cell proliferation had occurred during 26 wk treatment with L-694,492, there was an increase in the number of smooth muscle cells in some afferent arterioles. Monkey Necropsy after 23 Wk of Treatment with L-694,492 (DUP 532) at 125 mglkglday (Table II) JG cell hypertrophy/hyperplasia was more florid in monkeys than in rats. In the most affected animals (Grade 4), approximately 80% of the JG apparatuses were altered: circular or ovoid groups of hypertrophic/hyperplastic JG cells were present adjacent to glomeruli sometimes projecting into and displacing the glomerular capillary tuft within Bowman's capsule. In one-third of the monkeys, rare mitotic figures were present in some JG cell hypertrophic/ hyperplastic foci (Fig. 7) . The number of hypertrophic JG cells per section of these hyperplastic foci was increased by an average of 80% compared to cell counts done on the same region of afferent arterioles of controls. In controls, renin was scant and seen in isolated JG cells, singly or in pairs in the terminal portions of the afferent arteriole. Occasionally, renin-positive cells were seen within the glomerular tuft, presumably still within the afferent arteriole proximal to glomerular capillaries.
Large amounts of renin were seen in foci of JG cell hypertrophy/hyperplasia (Fig. 8) . Mitotic FIG. 9. -Male monkey treated for 23 wk with L-694,492 (DUP 532) at 125 mg/kg/day. The JG apparatus shows numerous hypertrophic granulated cells (GC) containing abundant polymorphic renin granules (arrows) and dilated RER. The nuclei, often eccentrically located, have prominent marginated nucleoli. x 2,000. nin content expressed as volume density (Vv%) showed that renin was very low ( < 0.01 %) in controls and greatly increased in treated monkeys (1.34%).
As noted in the rat, the ultrastructural features of the afferent arteriole of control monkeys showed that the majority of cells were smooth muscle cells.
Granulated renin-producing cells were usually located in the peripheral parts of the afferent arterioles. In treated animals hypertrophic, granulated renin-producing cells had many of the features seen in treated rats: the nuclear-cytoplasmic ratio was decreased; nuclei displaced laterally in cells; increased quantities of RER and Golgi apparatuses; and increases in number and size of renin protogranules and mature renin granules. In contrast to rats, cells frequently had large vacuoles (autophagosomes) filled with granular material in the peripheral cytoplasm in association with secondary lysosomes containing heterogenous material (Fig.  9 ). Intermediate cells with attachment plaques and microfilaments typical of smooth muscle cells and RER and renin granules were seen (Fig. 10 ).
Monkey Necropsy after 14-Wk Recovery Period JG cell hyperplasia was present in all treated monkeys following 14-wk of recovery. Small nests of cells with scant cytoplasm were seen in the JG apparatus (Fig. 11 ). There was still an average of 80% more cells in these hyperplastic foci compared to controls. Some cells contained small amounts of renin, but the cortical renin content was similar to that in controls ( < 0.01 %). Ultrastructurally, these cells, which were arranged in concentric layers in the wall of afferent arterioles, had morphology of smooth muscle cells with elongated shapes and a high nuclear-cytoplasmic ratio. Since these cells occasionally also contained some mature renin granules and secondary lysosomes, they are considered as intermediate cells originating from the dedifferentiation of hypertrophic granulated (renin-producing) cells into smooth muscle cells after cessation of treatment with L-694,492. In some of these cells, granules had elongated shapes, were partly limited by a unit membrane, and showed a paracrystalline substructure (Fig. 12 ). This peculiar ultrastructural TABLE II.-Group mean JG cell hypertrophy/hyperplasia grade and renal cortical renin content (Vv%) in monkeys receiving L-694,492 (DUP 532) at 125 mg/kg/day for 23 wk with a 14-wk recovery period.° Group mean grade = sum of grades (0 = not remarkable, I = very slight, 2 = slight, 3 = moderate, 4 = marked, 5 = severe) divided by 12 animals (6 M + 6 F) in drug week 23 and 4 animals (2 M + 2 F) in week 39. b % Incidence. C Renin detected using polyclonal rabbit anti-human antibody. Percentage of surface of renin in renal cortex quantitated using a Quantimet 570 analyzer (Cambridge Instruments) and expressed as volume density (Vv%). organization of granules and the relative state of renin metabolism in these cells is not understood.
DISCUSSION
Chronic antagonism of the All ATI receptor sites by L-694,492 (DUP 532) has stimulated increased renin production in both rats and monkeys. The morphological changes are strikingly similar to those described by Zaki (19) with the ACE inhibitor captopril administered for prolonged periods: mild changes in rats affecting few JG apparatuses and marked changes in monkeys. Notwithstanding the difficulty of accurately assessing morphologic changes in the afferent arteriole of animals with a stimulated RAAS, several observations are justified.
In rats, the morphological appearance of affected afferent arterioles was more complex than a simple extension of the renin-positive and diminution of the myosin-positive portions of the afferent arteriole upstream from the glomerulus, as described previously (15) , and due to metaplasia of smooth muscle cells into granulated cells (1) . All ATI antagonism for 6 mo in rats caused extensions of the reninpositive portion, which was generally seen as a cuff of cells surrounding smooth muscle cells; cell proliferation was seen in the afferent arteriole proximal to the glomerulus. It is unknown whether the cells that undergo DNA synthesis or mitosis are smooth muscle cells, granulated JG cells, or intermediate cells. In monkeys, mitotic activity was seen both in FIG. 11. -Male monkey treated for 23 wk with L-694,492 (DUP 532) at 125 mg/kg/day followed by a 14-wk recovery period. Hyperplastic JG cells have scant cytoplasm and no renin. Same technique as in Fig. 8 , counterstained with Gill's hematoxylin. x 400. 12. -Male monkey treated for 23 wk with L-694,492 (DUP 532) at 125 mg/kg/day followed by a 14-wk recovery period. Elongated granules with paracrystalline organization partly limited by a unit membrane. Note abundant glycogen particles in the cytoplasm. x 25,000. granulated renin-positive JG cells and in renin-negative smooth muscle cells, and the JG cell hyperplasia was adjacent and sometimes extended into the glomerular stalk. The latter event was presumably due to stimulation of JG cells present in the stalk prior to treatment as seen in controls.
FIG.
The variations in the morphological aspects of these changes in rats and monkeys depend on pretreatment basal renin production (notably influenced by dietary sodium content). Interspecies variations in anatomical and physiological relations of the macula densa, distal tubule, and nerve terminals with afferent arteriolar cells, which have a capacity to become cells that synthesize renin, whether these cells are proximal to or within the juxtaglomerular apparatus, are also important. The pathogenesis of this change is also more complex than simple All ATI receptor site antagonism by L-694,492 (DUP 532).
Renin release is physiologically stimulated by a sensitive pressure-dependent mechanism (10, 14) and a decreased tubular sodium concentration via an interaction between the macula densa and the juxtaglomerular apparatus (4, 18) . Decreased renal perfusion secondary to hypotension and/or altered sodium homeostasis probably also contribute to stimulate JG cell hypertrophy/hyperplasia. In the present studies, drug-induced increases in serum urea nitrogen at the end of the treatment periods were 118% above controls in rats and 75% above controls in monkeys (data not shown). In the absence of increased serum creatinine, these changes, which were reversible on cessation of treatment, provide evidence of prerenal azotemia due to druginduced decreased renal perfusion. Also, it was previously shown that oral saline supplementation diminished the JG cell hypertrophy/hyperplasia grade in monkeys given L-15 8, 3 3 8 (All ATI antagonist) orally for 5 wk (13) . Subsequently, in a pilot study with L-694,492 (DUP 532) given to monkeys at 10 mg/kg/day intravenously for 16 days, oral saline supplementation (100 ml/kg/day) decreased not only the grade of JG cell hypertrophy/hyperplasia but also plasma renin activity of treated monkeys by 53% (Merck Research Laboratories, unpublished data). Thus, the exaggerated pharmacologic effects on blood pressure and/or sodium homeostasis associated with the hemodynamic response to the All antagonist probably complement inhibition of All inhibition of renin release (4, 12) to stimulate the important morphologic changes seen in both species.
During the 3-mo recovery periods, in both rats and monkeys, the JG cells lost renin granules and redeveloped the characteristics of intermediate cells or smooth muscle cells, and the renal renin content returned to control values. However, the number of cells remained increased, as we have shown with the ACE inhibitor enalapril (Merck Research Laboratories, unpublished data). While the fate of these cells is unknown and under investigation, there is evidence in other endocrine tissues that the hyperplasia will disappear with a longer recovery period. Methimazole-induced thyroid follicular cell hyperplasia in rats (16) , and omeprazole-induced gastric enterochromafhn-like cell hyperplasia in rats and dogs (2) were shown to be reversible after recovery periods of 6 mo and 1 yr, respectively. These phenomena are presumably due to apoptosis.
